The effects of various concentrations of the nerve growth factor (NGF) and of dimethylsulfoniopropionate (DMSP) on the outgrowth of neurites from pheochromocytoma (PC12) cells were examined singly or in combination on an RPMI 1640 medium containing 10% horse serum, 5% fetal bovine serum, penicillin and streptomycin in collagen-coated Petri dishes by increasing the incubation times up to 4 d. The results indicated that NGF significantly accelerated the number of neurite-bearing cells, which reached a maximum at concentrations of more than 0.5 ng/mL among the various concentrations of NGF on the 4th day. The combined effects of the various concentrations (10 Ϫ 6 -10 Ϫ 3 M ) of DMSP with NGF (5 ng/mL) on the growth and the number of neurite-bearing cells were then examined, which demonstrated that all the concentrations of DMSP restricted the growth of the cells to various extents but that the concentration of DMSP at 10 Ϫ 4 M with the NGF more highly accelerated the number of neurite-bearing cells than did the NGF alone during the experimental period.
because the number of aged continues to increase from year to year all around the world ( 27 ) . The supplementation of DMSP proved to significantly reduce not only various aging phenomena outside the body, but also the loss of learning and memory inside the body (brains) by SAM P8 ( 23 , 26 ) . To elucidate the action mechanisms of DMSP for the mitigating and/or ameliorating effects on the loss of learning and memory of the aged ( 23 , 26 ) , the effects of DMSP on the outgrowth of the neurites from the rat adrenal pheochromocytoma (PC-12) cells, which have been frequently used for a long time in the place of nervous cells ( 28 , 29 ) , were examined in the present experiments.
Materials and Methods
DMSP was synthesized by refluxing equimolar amounts of dimethylsulfide and 3-bromopropionic acid, and purified by washing them with chilled ethylether followed by crystallization from methanol (the purification of 99.8% from the element analysis). NGF (R & D Systems, Inc., USA) was employed in the experiments. Polystyrene Petri dishes (3.5 cm) (Iwaki Div. Asahi Scitechno Glass, Co., Ltd., Japan) coated with collagen were used. Pheochromocytoma cells (PC-12 cells) (Dainippon Sumitomo Pharma, Co., Ltd., Japan), and RPMI 1640 culture medium (Sigma Co., Ltd., USA), horse serum and fetal bovine serum (Gibco Co., Ltd., USA) were also used. Both serums were heated at 56˚C for 30 min before use. The other chemicals were of the best quality available.
The basal incubation medium contained RPMI 1640 medium (85 mL), horse serum (10 mL), fetal bovine serum (5 mL), streptomycin (5 mg) and penicillin 5000U (100 mL in total), which were gently mixed and filtered through a membrane filter (pore size 0.20 m, Advantec Co., Ltd., Japan). In the experiments with NGF and/or DMSP, NGF and/or DMSP was dissolved into the basal medium without increasing the volume of the medium to the indicated concentrations and then filtered. The filtrate was subjected to the following experiments.
The freshly maintained PC-12 cells were initially incubated in the collagen-coated Petri dishes containing the basal medium in a closed and sterilized box (CH-16, Hitachi Co., Ltd., Japan) containing the specified concentration of 5% carbon dioxide at 37˚C for 3 d and then centrifuged at 800 rpm. The obtained lower layer was mixed with the new medium and incubated for 3 d. The same experiments were repeated two times. Thereafter, the same experiments were performed two times using Petri dishes without a collagen-coating. Whenever the incubation medium was mixed with the new basal medium (1:1, v/v), the cells adhering to the dishes were mechanically dislodged from the dishes and mixed to raise the homogeneous population of the cells by aspiration and expulsion of the cell mixtures through a Pasteur pipet.
For the trial, the final lower layer after the centrifugation was suspended in the new medium to prepare the cell mixtures (6 ϫ 10 4 cells/6 mL), which was divided among three collagen-coated Petri dishes (2.0 mL each) for one test solution and incubated as a function of time at 37˚C for 4 d. All the dishes were surveyed and confirmed to have over 10 sites/dish (initially scoring about 5 ϫ 10 2 cells/10 sites) using an inverted microscope (Model CK ϫ 41, Olympus Co., Ltd., Japan). The growth was expressed in terms of the total cell number (means Ϯ SD, n ϭ 3) over 10 sites/dish (three dishes). The number of cells which had neurites of the same length as or longer than the diameter of the cells was then counted at the indicated times for 4 d and expressed in terms of the ratio (%) (means Ϯ SD, n ϭ 3) of the number of neurite-bearing cells versus that of the total cells at the indicated times. The appearance of the neurites was also confirmed by photographs. All the procedures were conducted in a room sterilized by ultraviolet light and not containing any other experimenters.
The statistical analyses were performed using the ANOVA and Scheffe's tests ( 30 ) .
Results
The effects of various concentrations (0.05, 0.5, 5, 20, 50 and 500 ng/mL) of NGF on the number of the neurite-bearing cells were examined on the basal medium in the collagen-coated dishes on the 4th day. These results are shown in Fig. 1 . The number of neurite-bearing cells increased with the increasing concentrations of NGF and reached the maximum at concentrations of more than 0.5 ng/mL, at which the 
Discussion
In previous experiments, we examined the effects of the naturally-occurring sulfur-containing compound DMSP on various living things, which have interestingly demonstrated that this compound afforded favorable effects on the feeding, growth, motility, molting, metamorphosis and/or diseases of various plants ( 1 , 2 , 9 , 10 ) and animals (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) living in the water-and airenvironment among a number of related compounds. Among the DMSP effects, noticeable ameliorating effects of DMSP on the various aging phenomena, especially the loss of learning and memory, in the senescence-accelerated mouse (SAM) (23) (24) (25) (26) are believed to be very significant among them even at present and moreover in the future.
Recently, PC-12 cells have been frequently employed as the model cells for the investigations of the retardation and denaturation mechanism of the central nervous cells and fibrils by amyloid and tau proteins related to Alzheimer and Parkinson's diseases ( 31 , 32 ) and the function mechanisms of the nerve cells in the central nervous system ( 33 , 34 ) in animals. Our preliminary experiments showed that the supplementation of DMSP accelerates the outgrowth of neurites from the PC-12 cells even in the dishes with or without the collagen-or poly-D -lysine-coating in the absence of NGF. Therefore, the effects of various concentrations of DMSP on the growth of the cells and the outgrowth of neurites from the cells were examined in combination with NGF in the collagen-coated dishes in the present experiments.
All the concentrations of more than 0.5 ng/mL NGF showed the maximum stimulation of the number of neurite-bearing cells on the 4th day. The effects of the various concentrations of DMSP on the growth of the cells and the number of neurite-bearing cells was then investigated in combination with NGF (5 ng/mL). The obtained results indicated that the growth of cells in the control group without NGF or DMSP rapidly increased up to 4 d while the growth in all the DMSP groups with NGF gradually increased, and especially, that in the 10 Ϫ 4 M DMSP group with the NGF slightly increased up to 4 d. In contrast, the administration of all the concentrations of DMSP except for 10 Ϫ 6 M with the NGF more remarkably accelerated the number of neurite-bearing cells (outgrowth of neurites from the cells) than did the supplementation of NGF alone in the collagen-coated dishes. In particular, the administration of DMSP at 10 Ϫ4 M with the NGF most significantly promoted the number of neurite-bearing cells among them on the 3rd day, although the growth was hardly stimulated under the same experimental conditions. The outgrowth of neurites from the cells appears to be accelerated under the cessation and/or the restriction of the growth in this cell line as previously reported (28) . However, the clear dose response of DMSP to the outgrowth of neurites from the cells was not obtained in the present experiments. This is because the physiologically homogenous population of the cells is difficult to obtain in spite of many transplantations of the cells to the new basal medium with or without polymer-coating, as described in "Materials and Methods."
These findings provided evidence that the supplementation of DMSP at the concentrations of 10
Ϫ3
, 10
Ϫ4
and 10 Ϫ5 M, especially at 10 Ϫ4 M, significantly promoted in combination with the NGF the appearance of neurites from the PC-12 cells at their highest levels in the collagen-coated dishes, even when compared to that of the NGF alone, which elicited the maximum stimulation of the outgrowth of neurites from the cells.
The possible functional mechanisms for the stimulation of the outgrowth of neurites from the PC-cells are considered to be involved in the acceleration of the adhesion of the cells to other cells and of the cells to the substratum (35, 36) , the cell differentiation (29, 36) , the transcriptional priming of the cells (37, 38) and the elongation of the neurite cytoskeleton (37, 39) . Moreover, there is a noticeworthy report that catecholamines increase the amounts of NGF in the astroglial and fibroblast cells originating from mice (40) . Therefore, the obtained results may provide evidence that DMSP increases the amounts of catecholamines (17, 19, 22) , and thus elevates the NGF amounts (40) , which promotes the outgrowth and elongation of neurites from the nerve cells. These findings may suggest that DMSP, which directly incorporates and accumulates catecholamines into the livers and brains in the experiments with rats and mice (17, 19, 22) , more effectively not only prevents and/or ameliorates the neuronal development from the retardation and denaturation of the central nervous system in a diseased brain (Alzheimer and Parkinson diseases) and the aging (especially dimentia) of humans, but also from various injuries of the peripheral and central nervous system in humans (28, 41) , accompanied by the increase of NGF.
The tertiary sulfonium compound DMSP naturally occurs in a number of marine organisms (1), especially in large amounts in green sea algae (1, 2, 3, 9 ). Therefore, the uptake of sea food, especially green sea algae, is believed to be very important for the healthy life of people, especially the aged and nerve-diseased ones. This may be supported by the fact that the diets containing dry green sea algae (Hitoegusa: Monostroma nitidum) reduce the aging phenomena and the loss of learning and memory of SAMP8 (24) .
However, a further study is needed to elucidate the functional mechanisms of DMSP for the nerve cells and fibers in the future.
